We investigated the contribution of phosphorylated RNA polymerase II (RNAP II) and dynamic epigenetic changes to the onset of minor zygotic gene activation (ZGA). Using immunofluorescence staining, we observed that the nuclear localization of RNAP II was initiated by 6 hours post insemination (hpi), whereas RNAP II phosphorylated at serine residue 5 of the carboxyl-terminal domain (CTD) was localized by 9 hpi, and then RNAP II phosphorylated at serine residue 2 of the CTD was localized in the nucleus of embryos by 12 hpi. In a transient gene expression assay using a plasmid reporter gene (pβ-actin/luciferase+/SV40) injected during 6-9 hpi into the male pronucleus, the luciferase+ gene was actively transcribed and translated by 13 and 15 hpi, respectively, indicating that a transcriptionally silent state persisted for at least 4 hours after injection. We found that the methylation status in the chicken β-actin promoter region of the plasmid reporter gene may not be associated with the transcriptionally silent state before minor ZGA. Exposure to trichostatin A did not induce premature expression of the silent reporter gene injected into 1-cell embryos containing histone deacetylase activity and did not affect the amount of luciferase produced per embryo. Acetylated histone H3 lysine 9/14 and acetylated histone H4 lysine 12 and 16 were enriched preferentially in the injected reporter gene at least until 13 hpi, which coincided with the transcriptionally active state. Taken together, these results suggest that deposition of selectively acetylated histones onto the chromatin of 1-cell embryos functions together with transcriptional elongation by RNAP II and that this sequential chromatin remodeling is involved in the molecular mechanism associated with the onset of minor ZGA in the preimplantation mouse embryo.
he first major developmental transition that occurs following fertilization is the maternal-to-zygotic transition [1, 2] . The transition involves degradation of many maternal mRNAs and initiation of zygotic transcription, resulting in a dramatic reprogramming of gene expression that is responsible for the normal development of preimplantation embryos. Zygotic gene activation (ZGA) is directed initially by maternally inherited proteins and transcripts, and most maternal transcripts are replaced by new products of zygotic transcription. In the mouse, two phases of ZGA after fertilization have been identified: the minor phase of ZGA at the late 1cell stage [3] [4] [5] [6] and the major phase of ZGA at the late 2-cell stage [2, 7] . Understanding the basal mechanisms that govern ZGA in early mouse embryos has implications for both developmental and reproductive biology [1] . However, relatively little is known about the molecular mechanism implicated in the transition from a transcriptionally silent state to an active state in the onset of minor ZGA.
RNA polymerase II (RNAP II) transcription is crucial to the basal transcriptional machinery underlying the regulation of ZGA in the early animal embryo [7] . The subcellular localization of RNAP II has been shown in the pronuclei of the late 1-cell mouse embryo [8] and in the nuclei of the 2-cell mouse embryo [8, 9] , suggesting its intracellular accumulation concomitant with ZGA. Generally, the transcription of RNAP II comprises initiation and elongation steps [10] [11] [12] . The phosphorylation cycle of the heptapeptide YSPTSPS tandem repeats in the carboxy-terminal domain (CTD) of the largest subunit of RNAP II in a given promoter has been proposed as a landmark of the two transcriptional steps of the associated gene [13] . Phosphorylation at serine residue 5 (Ser-5) of the CTD is associated with the initiation phase of transcription, promoter clearance and mRNA capping, whereas serine residue 2 (Ser-2) of the RNAP II CTD correlates with transcript elongation and termination [10] [11] [12] . Despite these significant regulatory steps of transcription, the dynamic status of the phosphorylation of the RNAP II CTD in the onset of minor ZGA after fertilization remains unclear. Epigenetic changes in chromatin structure also play an important role in the transcriptional activation of embryonic genomes in the animal embryo [7] . Multiple mechanisms, including DNA methylation, histone modification, chromatin remodeling and incorporation of histone variants, are required for the epigenetic regulation of chromatin structure [14] . In early mouse embryos, regulation of epigenetic events has been shown to occur before ZGA [15] . As early as 4 h after fertilization, the male pronucleus is almost completely demethylated, whereas the female pronucleus remains methylated during the 1-cell stage and undergoes gradual demethylation until the blastocyst stage [16, 17] . In addition, although histone deacetylase (HDAC) 1 is a major deacetylase in preimplantation development and functions mainly as a deacetylase for histone H4 lysine 5 (H4K5), HDAC1 knockdown does not affect the global transcription rate, suggesting it plays a role in some subsets of genes but not in all [18] . In the preimplantation mouse embryo, acetylation of histones plays an especially important role in the regulation of gene expression [19] [20] [21] [22] . The transient enrichment of acetylated H4K5 (AcH4K5), H4K8 (AcH4K8) and H4K12 (AcH4K12) at the nuclear periphery of at least 2-cell mouse embryos is likely an essential step in preparing for ZGA [9] . However, the exact mechanisms that link the onset of transcriptional activation with these events remain elusive.
To address the dynamic changes in Ser-5-and Ser-2-phosphorylated RNAP II and the role of epigenetic modifications of DNA and histones at the onset of minor ZGA that occur in the late 1-cell mouse embryo, we performed immunocytochemical analysis using antibodies to distinguish specifically between Ser-5-and Ser-2phosphorylated RNAP II. We examined the state of DNA methylation and histone acetylation in the β-actin promoter region and transcription region, respectively, at the onset of expression of plasmid reporter gene with a luciferase gene codon optimized for mammalian cell expression (pβ-actin/luciferase+/SV40) injected into the male pronuclei of 1-cell embryos. In the immunocytochemical assay, we observed that stalled RNAP II existed in the pronuclei of 1-cell embryos before transcriptional elongation. Chromatin immunoprecipitation (ChIP) analysis showed that the deposition of specifically acetylated histones into the promoter region is consistent with the timing of the transcription of injected reporter genes. These results provide evidence of a transcription mechanism by which minor ZGA occurs in late 1-cell embryos.
Materials and Methods

Animals
All mice (ICR) were purchased from Kiwa Experimental Animals (Wakayama, Japan) and maintained in light-controlled, airconditioned rooms. All animal procedures conformed to the Guidelines of Kinki University for the Care and Use of Laboratory Animals.
In vitro fertilization and culture of fertilized embryos
The procedures for in vitro fertilization (IVF) were essentially those reported previously [23] . In brief, spermatozoa were collected from the cauda epididymides of male mice. The sperm suspension was incubated for 1.5 h to allow for capacitation at 37 C under 5% CO2 in air. Oocytes were collected from the excised oviducts of female mice (2-3 months old) that had been superovulated with pregnant mare serum gonadotropin (PMSG; Serotropin, Teikoku Zoki, Tokyo, Japan) followed 48 h later with human chorionic gonadotropin (hCG; Puberogen, Sankyo, Tokyo, Japan). Cumulus masses were recovered into preequilibrated HTF medium. The sperm suspension was added to the oocyte-containing medium. Morphologically normal fertilized oocytes were collected from the sperm suspension 2 h after insemination. The fertilized embryos were cultured in KSOM medium [24] at 37 C under 5% CO2 in air.
Immunofluorescence staining
Embryos were fixed in 4% PFA (Nacalai Tesque, Kyoto, Japan) in phosphate-buffered saline (PBS) for 10 min at room temperature, and the fixed samples were then incubated in PBS containing 0.1-0.2% Triton X-100 (Nacalai Tesque) overnight at 4 C. The samples were incubated with monoclonal antibodies 8WG16, H14 and H5, which recognize the CTD heptapeptide repeats and CTD phosphorylated at Ser-5 and Ser-2, respectively (final dilution, 1:200; Covance, Berkeley, CA, USA; MMS-129R, MMS-134R and MMS-126R), in PBS containing 30 mg/ml bovine serum albumin overnight at 4 C. After incubation, the samples were reacted with Alexa Fluor 488-labeled goat anti-mouse IgG secondary antibody (final dilution, 1:1000; Invitrogen, Carlsbad, CA, USA; A-11001) for 1 h at room temperature and then mounted on glass slides in a Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA) containing 2-5 μg/ml DAPI (Invitrogen; D1306). The embryos were observed using a fluorescence microscope to evaluate each signal. At least three independent experiments were performed.
Injection of plasmid reporter gene with codon-optimized luciferase gene into embryos
A plasmid reporter gene (pβ-actin/luciferase+/SV40, 40 μg/ml) comprising luciferase cDNA (luciferase+), which originated from humanized firefly luciferase of the pGL3 vector (Promega, Madison, WI, USA) and was codonoptimized for mammalian cell expression, under the control of the chicken β-actin promoter [5] was injected into the male pronuclei of 1-cell embryos at 6-9 hpi. The injected embryos were cultured in KSOM medium as described above.
RT-PCR analysis
The procedures for reverse transcription (RT)-PCR analysis were essentially the same as those reported previously [25] . In brief, mRNAs were isolated from 10 oocytes or embryos and then supplemented with Superscript III reverse transcriptase (Invitrogen) to synthesize first-strand cDNA. PCR amplification of a unique 467nucleotide sequence within luciferase+ cDNA was performed using the following primer set: 5′-CAGATGCAC-ATATCGAGGTG-3′, forward primer, and 5′-AGAATCTGACGCAGGCAGTT-3′, reverse primer. The reaction parameters were one cycle at 94 C for 5 min and 40 cycles at 94 C for 1 min, 55 C for 1 min and 72 C for 1 min. The RT-PCR products were electrophoresed on 2% agarose gels. For the positive control, glyceraldehyde-3-phosphate dehydrogenase (G3PDH) cDNA was amplified using the forward primer 5′-ACCACAGTCCATGCCATCAC-3′ and reverse primer 5′-TCCACCACCCTG-TTGCTGTA-3′. Three independent experiments were performed for each set of primers. The bands were quantified by densitometry using a Molecular Imager FX (Bio-Rad Laboratories, Hercules, CA, USA).
Determination of luciferase activity in injected mouse embryos
Expression of the luciferase+ gene in injected embryos was detected using photon flux, which was measured by single-photon counting [5] . In brief, immediately after the transfer of injected embryos in KSOM medium containing 500 mM D-luciferin (Sigma-Aldrich, St. Louis, MO, USA), the luciferase activity was measured as the photon flux for 30 consecutive min using an inverted microscope and single-photon counting system.
Bisulfite genomic sequencing
Embryos were injected with the plasmid reporter gene at 6-9 hpi, and the luciferase activity was confirmed. Bisulfite genomic sequencing was performed according to a previous report [26] . Genomic DNA from the 10 embryos was extracted as follows: each sample was treated with 100 mM sodium dodecyl sulfate (SDS), 10 × STE, 5 mg/ml proteinase K (Roche Diagnostics, Mannheim, Germany) and 10 mg/ml RNase A (Sigma-Aldrich) at 37 C for 1 h, followed by phenol/chloroform extraction and ethanol precipitation. The extracted DNA was dissolved in 50 μl of TE buffer. For bisulfite treatment, genomic DNA was digested by EcoRI. Genomic DNA was denatured in 3 M NaOH for 20 min at 42 C. After incubation, sodium metabisulfite (pH 5.0) and hydroquinone were added to final concentrations of 2.0 M and 0.5 mM, respectively, and the mixture was incubated for 4 h at 55 C in the dark. The modified DNA was purified using a Prep-A-Gene DNA purification kit (Bio-Rad Laboratories), and the bisulfite-treated DNA was desulfonated with NaOH (0.3 M final concentration) for 20 min at 37 C. The solution was precipitated with ethanol, resuspended in water and amplified by seminested PCR with two sets of primers to cover the chicken β-actin promoter in differently methylated regions. The primer sequences were as follows: 5′-GTGCATGCA-C A T C A G T G T C G C T G C -3′ , f o r w a r d 1 p r i m e r ; 5 ′ -GAGGTGACTTCAAGGGGACCGCAGG-3′, forward2 primer; and 5′-GGCCGTCCCGCCCGCTCACCTG-3′, reverse primer. The PCR reactions were performed using TaKaRa Taq Polymerase Hot Start Version DNA (Takara Bio, Shiga, Japan). Sequence analysis of the PCR product was performed after ligating the amplicon into the plasmid vector, pGEM-T Easy (Promega), and cloning.
HDAC activity assay
Each sample containing 100 oocytes or 100 embryos from each stage was transferred into 100 μl of lysis buffer and frozen at -20 C.
After thawing, each sample was kept on ice for 15 min, 400 μl of sucrose cushion was added to the tube and the sample was centrifuged at 3800 rpm for 10 min at 4 C. The supernatant was removed, and the pellet was washed with 10 mM Tris-HCl/10 mM NaCl and resuspended in 100 μl of extraction buffer. The sample was sonicated for 10 sec and then kept on ice for 30 min. The sonicated sample was centrifuged at 15,000 rpm for 10 min at 4 C. The supernatant was removed to a new tube and frozen at -80 C. HDAC activity was measured according to the manufacturer's instructions using a CycLex HDACs Deacetylase Fluorometric Assay Kit (Cyclex, Nagano, Japan; #CY-1150).
TSA treatment
To examine the effect of TSA treatment on gene expression in early mouse embryos, TSA (Sigma-Aldrich) was added at a concentration of 30 ng/ml to the media used for IVF and for culture of oocytes and embryos.
Chromatin immunoprecipitation assay
ChIP assays were performed using a commercial kit (Millipore, Ann Arbor, MI, USA; 17-371) as prescribed by the manufacturer. In brief, embryos were injected with the plasmid reporter gene at 6-9 hpi. Three embryos were collected at each stage. These embryos were cross-linked in PBS containing proteinase inhibitor and 1% formaldehyde for 5 min at room temperature, resuspended in SDS lysis buffer with proteinase inhibitors, sonicated and centrifuged at 13,000 rpm for 10 min at 6 C. Dilution buffer was added, and the supernatant was precleared with 40 μl of salmon sperm DNA/protein A. Goat anti-histone H3 (N-20) antibody (Santa Cruz Biotechnology, Heidelberg, Germany; sc-8653), goat anti-histone H4 (N-18) antibody (Santa Cruz Biotechnology; sc-8657), rabbit anti-Ac-histone H3 (K9/14) antibody (Millipore; 06-599), rabbit anti-Ac-histone H4 (K5) antibody (Millipore; 06-759), rabbit anti-Ac-histone H4 (K8) antibody (Millipore; 06-760), rabbit anti-Ac-Histone H4 (K12) antibody (Millipore; 06-761), rabbit anti-Ac-histone H4 (K16) antibody (Millipore; 06-762), normal rabbit IgG (Millipore; 12-370), and normal goat IgG (Santa Cruz; sc-2043) were added overnight at 4 C, 5 μl of salmon sperm DNA/protein A was added and the sample was then incubated for 2 h at 4 C. The slurry was pelleted by centrifugation at 1000 rpm for 15 sec at 4 C and washed for 5 min each in low-salt wash, high-salt wash, LiCl buffer and TE buffer (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA).
Samples were treated with 50 μl elution buffer (1% SDS/0.1 M NaHCO3) at room temperature for 15 min, with 4 μl of 5 M NaCl at 65 C for 6 h and then with 0.5 M EDTA/Tris-HCl and proteinase K at 45 C for 1 h. DNA was extracted using phenol/chloroform, precipitated with ethanol, resuspended in TE buffer and then amplified with the following primers from the luciferase+ region: 5′-CCCGC-G A A C G A C A T T T A T A A -3 ′ , f o r w a r d p r i m e r , a n d 5 ′ -TGCAACCCCTTTTTGGAAAC-3′, reverse primer. In this study, we used no adequate ChIP experiments for a quantitative determination of the relative amount of histones on the injected reporter gene.
Results
Nuclear localization of phosphorylated RNAP II in 1-cell embryos
The phosphorylation cycle of the CTD of the large subunit of RNAP II plays a central role in nuclear mRNA metabolism [10, 11] . Phosphorylation of the RNAP II CTD occurs initially between transcription initiation and the transition from initiation to elongation. At transcription initiation, Ser-5 in the CTD heptapeptide repeat is phosphorylated. Ser-2 phosphorylation in the CTD is normally associated with efficient transcriptional elongation and the recruitment of pre-mRNA processing factors. We performed indirect immunofluorescence analysis with three monoclonal antibodies 8WG16, H14 and H5, which are specific to the CTD heptapeptide repeats, Ser-2P and Ser-5P of the RNAP II CTD, respectively. We observed no signal accumulation of CTD-unphosphorylated RNAP II in male or female pronuclei of 1-cell embryos by 6 hpi (Fig. 1) .
As development proceeded, accumulation of Ser-5P in the nucleus was detected by 9 hpi. The intensity of Ser-2P increased gradually in the male pronucleus by 12 hpi and became evident in both male and female pronuclei at 13 hpi (Fig. 1) . These results demonstrate that initiation of transcription occurs at 9 hpi, whereas transcriptional elongation occurs in both male and female pronuclei at 12 hpi.
Confirmation of a transcriptionally silent state in 1-cell embryos by transient expression of plasmid reporter gene
To determine the timing of the transition from a transcriptionally silent state to an active state after fertilization, we injected the plasmid reporter gene (pβ-actin/luciferase+/SV40) into the male pronuclei of 1-cell embryos at 6-9 hpi and observed the transient expression of the luciferase+ gene. We observed that all success-fully injected embryos developed to the 2-cell stage (data not shown). Transcription of the plasmid reporter gene injected into the 1-cell embryos was first detected at 13 hpi ( Fig. 2A) , indicating that the transcriptionally silent state of the plasmid reporter gene persisted for at least 4 hours (9-13 hpi) after injection. This result suggests that the onset of expression of the injected plasmid reporter gene coincides with the timing of minor ZGA [5, 27] . Single-photon counting images showed that luciferase activity originating from the reporter genes was observed at 15 hpi in 1-cell embryos (Fig. 2F,  H) , revealing the active translation of newly synthesized transcripts at 15 hpi. This result is not consistent with our previous report in which newly translated protein from the firefly luciferase transcripts at the late 1-cell stage was first detected at the 2-cell stage [5] . This discrepancy in the timing of translation can be explained by the Fig. 1 . Subcellular localization of RNA polymerase II (RNAP II) in the early stages in fertilized mouse oocytes. Phosphorylation changes are indicated in green, the pronuclei were stained with DAPI (blue) and RNAP II was stained with the 8WG16 antibody. Phosphorylation at serine residue 5 (Ser-5P) and phosphorylation at serine residue 2 (Ser-2P) of RNAP II were stained using H14 and H5 antibodies, respectively. These embryos were fixed at each developmental stage and imaged as whole mounts on a fluorescence microscope. Hours post insemination (hpi). Scale bars=100 μm.
increase in the detectable levels of luciferase activity by single-photon counting because the codon-optimized firefly luciferase cDNA used in our current study improves the translation efficiency in mammalian cells.
DNA methylation of the promoter region of the plasmid reporter gene injected into 1-cell embryos
Establishment of the transcriptionally silent state is usually associated with DNA methylation. To elucidate the role of DNA methylation in transcriptional silencing of the plasmid reporter gene (pβ-actin/luciferase+/SV40) injected into 1-cell embryos, we used bisulfite sequencing to analyze the progression profile of DNA methylation in 19 CpG dinucleotides immediately upstream of the chicken β-actin promoter region in the injected plasmid reporter gene (Fig. 3A) . The primer sets used for bisulfate sequencing were designed to encompass the segment of the β-actin promoter region containing the CAAT box, CArG box and TATA box. The methylation statuses of the 19 CpG dinucleotides were examined in three independent bisulfite-treated samples to avoid amplification bias.
Extreme hypomethylation (0.7%) in the β-actin promoter region before injection was sustained 1, 9 and 19 h after injection (1.0, 3.2 and 1.9%, respectively) when estimated at 10, 18 and 28 hpi, respectively (Fig. 3B) . These results suggest that DNA methylation and demethylation events in the β-actin promoter region are not associated with the transition from the silent to active status during the onset of minor ZGA.
Effect of trichostatin A on transient expression of the plasmid reporter gene in 1-cell embryos with HDAC activity
HDACs have been observed to be expressed in the preimplantation mouse embryo [18, 28, 29] , although it remains unclear if HDAC activity is present. The activity level of HDACs was measured in oocytes and embryos collected at various culture times as follows: 0 (metaphase II, MII), 3, 6, 9, 12, 15, 18, 21 and 24 hpi (Fig.  4A) . To examine the influence of HDAC activity on the onset of ZGA, we observed the timing of transient gene expression of the luciferase+ gene in early embryos injected with the plasmid reporter gene (pβ-actin/luciferase+/SV40) and then cultured in medium with or without trichostatin A (TSA), an HDAC inhibitor. We observed no differences in the onset of the luciferase+ gene expression and the luciferase activity level between 1-cell embryos treated with or without TSA ( Fig. 4B and C) . These results indicate that TSA treatment does not induce premature expression of the silent reporter gene injected into 1-cell embryos containing histone deacetylase activity and did not affect the amount of luciferase produced per embryo. Thus, this experimental result lends credence to the idea that HDACs sustaining a silent state of chromatin are not involved in the mechanism regulating the onset of minor ZGA.
Deposition of acetylated histones into the injected plasmid reporter gene during the onset of ZGA
ChIP analysis of early embryos injected with the plasmid reporter gene (pβ-actin/luciferase+/SV40) was performed to examine the histone acetylation status of the luciferase+ cDNA sequences during ZGA. We used antibodies that recognize acetylated histone H3 lysine 9/14 (AcH3K9/14), AcH4K5, AcH4K8, AcH4K12 and H4K16 (AcH4K16) because acetylation of these histones indicates a transcriptionally active state. The immunoprecipitated DNA released from the bound protein was analyzed by polymerase chain reaction (PCR). Although we observed no deposition of any exam-ined histone into the injected reporter gene until 11 hpi, the presence of acetylated H3K9/14, H4K12 and H4K16 on the reporter gene was detected at 13 hpi, which is similar to the results observed for histones H3 and H4 (Fig. 5) . The same profile for the acetylation and deposition of histones was also observed in the early 2-cell embryos with luciferase+ gene expression ( Fig. 5) . These results indicate that the deposition of acetylated H3K9/14, H4K12 and H4K16 on the injected reporter gene at 13 hpi may be closely associated with gene expression in the zygotes.
Discussion
ZGA is an essential event for early embryonic development. After fertilization, various dynamic changes such as epigenetic modification and chromatin remodeling occur during the transition from a transcriptionally silent state to an active state in mouse preimplantation embryos. It is thought that both genome-wide analysis and analysis of specific gene regions are necessary to elucidate the molecular mechanisms underlying ZGA. Here, we used ChIP analysis to investigate the contribution of histone deposition into plasmid-borne reporter genes at the onset of minor ZGA at the late 1-cell stage. This is the first report to demonstrate directly that acetylated histones are present in plasmid-borne reporter genes at the onset of minor ZGA.
Our results demonstrate that Ser-5 and Ser-2 are phosphorylated from at least 9 hpi and 12 hpi, respectively. In addition, we confirmed that Ser-5 and Ser-2 are also phosphorylated in embryos injected with the plasmid reporter gene (pβ-actin/luciferase+/SV40) at similar stages (data not shown). These results suggest that promoter release, formation of an RNAP II elongation complex and mRNA capping occur from at least 9 hpi, and that transcriptional elongation and termination are promoted at 12 hpi. However, it has been reported that the hyperphosphorylated CTD of RNAP II in the cytoplasm of oocytes following fertilization is converted to the hypophosphorylated CTD in the nuclei of fertilized eggs [8] . This discrepancy in the change in phosphorylation in the CTD of RNAP II may relate to differences in experimental procedures. In a study by Bellier et al., phosphorylated CTD was detected by western blot analysis using a polyclonal antibody that could not distinguish between the RNAP II subunit with Ser-2P from that with Ser-5P. By contrast, we used monoclonal antibodies that specifically recognize Ser-2P or Ser-5P. The study by Bellier et al. also showed that RNAP II is hyperphosphorylated in the MII stage but that oocytes in the MII stage are transcriptionally inactive [8] . Our results suggest that dynamic changes in RNAP II phosphorylation occur at minor ZGA and that a regulatory mechanism exists to control transcription initiation and transcriptional elongation before the onset of minor ZGA.
The transition between formation of an RNAP II elongation complex and initiation of transcriptional elongation is known as transcriptional pausing of RNAP II [14, 30, 31] . In the present, it is suggested that transcriptional pausing of RNAP II occurs at the onset of minor ZGA as described above (Fig. 1) . Generally, transcriptional pausing is an important step for the regulation of RNAP II transcriptional elongation. Following transcription initiation, RNAP II synthesizes short nascent transcripts and then comes under the control of negative factors including DSIF and NELF. These factors create a state of RNA pausing. P-TEFb, a factor that can rescue RNA pausing, is required to overcome the effect of these negative factors and to induce the transition to productive elonga- tion. Recent studies indicate that RNAP II is bound to the promoter regions of many inactive genes. RNAP II pauses particularly on developmental control genes that respond to developmental or environmental cues [32, 33] . Transcriptional pausing functions as a checkpoint before committing to productive elongation of mRNA [14, 30, 31] . Accurate initiation of transcription also plays an important role in the correct splicing and termination of the transcript [34] . Thus, the early embryonic transcriptional pausing observed in our study may be required as an elongation checkpoint in the onset of minor ZGA. The RNAP II phosphorylation events control the elongation processes and alter the chromatin structure [14, 35, 36] . The histone chaperone Asf1 is known to be involved in eviction and deposition of histone H3 during RNAP II elongation. In addition, histones evicted in front of elongating RNAP II appear to be deposited rapidly onto the DNA behind RNAP II. Histone H3 reincorporation correlates closely with RNAP II clearance [37] . In the present study, we observed that none of the examined histones were deposited on the injected reporter gene for at least 4-7 h after injection; however, histone H3 and H4 were present on the injected reporter gene at the latest point, 13 hpi ( Figs. 1 and 5) . Therefore, histone deposition may correlate closely with RNAP II clearance at the onset of minor ZGA. Further study of the direct involvement of transcription factors or histone chaperons (e.g., P-TEFb or Asf1) at the onset of ZGA is needed.
We found that significant DNA hypomethylation in the β-actin promoter region of the plasmid reporter gene was sustained in 1-cell embryos at 10 hpi after injection and that 2-cell embryos showed luciferase activity at 18 hpi and 28 hpi. Male pronuclei undergo very rapid DNA demethylation that is completed within 4 h following fertilization, but in female pronuclei, demethylation occurs passively in subsequent cleavage divisions [38] . In addition, de novo methylation occurs by the blastocyst stage but is restricted to the inner cell mass [39] . Thus, our results suggest that the DNA methylation mechanism may not necessarily be associated with a transcriptionally silent state before minor ZGA.
Transient TSA treatment of 1-cell stage mouse embryos can significantly improve cloning efficiency [40, 41] , possibly by increasing the intensity and improving the localization of acetylation in pseudopronuclei of cloned embryos [42] . TSA treatment also affects gene expression in cloned embryos [43] . However, our results indicate that exposure to TSA does not induce premature expression of the silent reporter gene injected into 1-cell embryos containing HDAC activity. Therefore, the molecular mechanism responsible for gene activation at the onset of ZGA in zygotes may differ from that at the reprogramming of cloned embryos.
We found that AcH3K9/14, AcH4K12 and AcH4K16 were enriched in the injected reporter gene at least until 13 hpi, whereas H4K5 and H4K8 were not acetylated at minor ZGA. A previous study using immunocytochemistry reported that the signals of antibodies against AcH3K9/14, AcH4K12 and AcH4K16 are absent from oocytes at MII of the second meiosis and reappear after fertilization. By contrast, a weak signal for AcH4K8 persists in MIIstage oocytes and is detected continuously in fertilized oocytes, and a very weak signal or no signal for AcH4K5 is observed in MIIstage oocytes and 1-cell embryos [44] . In addition to regulating gene expression, acetylation of H3K9/14 is involved in the recruitment of transcription factor IID [45] , and acetylation of H4K16 is also related to the maintenance of euchromatin [46] . Thus, the specific acetylation statuses of core histones H3 and H4 may be involved in the gene expression at minor ZGA.
In conclusion, our study shows that deposition of specific acetylated histones onto the plasmid reporter gene may function together with transcriptional elongation by RNAP II. These changes in histones may be associated with the transition from a silent to an active state of minor ZGA. However, at present, we do not know how transcriptional pausing is regulated by certain elongation factors at the onset of minor ZGA. Further research is needed to investigate and confirm the association of these factors in the onset of minor ZGA, and investigation of how endogenous genes are reflected in our results may lead to better understanding of activities in pronuclei during minor ZGA. Finally, understanding the mechanisms of the were injected with the plasmid reporter gene (pβ-actin/luciferase+/SV40) at 6-9 hpi and cultured for 11, 13, 18 or 24 hpi. The ChIP assay was performed with antibodies specific for acetylated H3K9/14 (AcH3K9/14), acetylated H4K5 (AcH4K5), acetylated H4K8 (AcH4K8), acetylated H4K12 (AcH4K12) or acetylated H4K16 (AcH4K16). Antibodies that recognized histone H3 and H4 were used as positive controls, and normal goat IgG and rabbit IgG were used as negative controls. The columns marked with 24 (+) and 24 (-) show the results for embryos at 24 hpi with and without luciferase activity, respectively. transition from a silent to an active state of ZGA, when zygotic totipotency is obtained, may lead to elucidation of the epigenetic reprogramming during the maternal-to-zygotic transition.
